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Abstract
District heating networks are commonly addressed in the literature as one of the most effective solutions for decreasing the 
greenhouse gas emissions from the building sector. These systems require high investments which are returned through the heat
sales. Due to the changed climate conditions and building renovation policies, heat demand in the future could decrease, 
prolonging the investment return period. 
The main scope of this paper is to assess the feasibility of using the heat demand – outdoor temperature function for heat demand 
forecast. The district of Alvalade, located in Lisbon (Portugal), was used as a case study. The district is consisted of 665 
buildings that vary in both construction period and typology. Three weather scenarios (low, medium, high) and three district 
renovation scenarios were developed (shallow, intermediate, deep). To estimate the error, obtained heat demand values were 
compared with results from a dynamic heat demand model, previously developed and validated by the authors.
The results showed that when only weather change is considered, the margin of error could be acceptable for some applications
(the error in annual demand was lower than 20% for all weather scenarios considered). However, after introducing renovation 
scenarios, the error value increased up to 59.5% (depending on the weather and renovation scenarios combination considered). 
The value of slope coefficient increased on average within the range of 3.8% up to 8% per decade, that corresponds to the 
decrease in the number of heating hours of 22-139h during the heating season (depending on the combination of weather and 
renovation scenarios considered). On the other hand, function intercept increased for 7.8-12.7% per decade (depending on the 
coupled scenarios). The values suggested could be used to modify the function parameters for the scenarios considered, and 
improve the accuracy of heat demand estimations.
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Abstract 
The optimisation of energy hub modelling at domestic level exploits the redundancy of multiple energy carriers against customers’ 
stochastic demand profiles, and thus increases system flexibility. On the other hand, demand response enables the shifting of 
deferrable appliances in response to energy carrier price to minimize the system cost and maintain customers’ comfortability. 
Combining demand response schemes with energy hub approach yields further energy cost saving. However, the optimal operation 
of energy hub system may be affected by stochastic elements. In this paper, the uncertainty of solar radiation is modelled by 2 point 
estimated method and applied to an energy hub with demand response optimisation. The results demonstrate that incorporating 
demand response to energy hub optimisation brings 4% of additional energy cost saving for a single energy hub system, and that 
greater savings can be foreseen for large scale system. 
© 2017 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the scientific committee of the 9th International Conference on Applied Energy. 
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1. Introduction 
Domestic buildings consume approximately 40% of total society’s energy [1, 2]. However, energy efficiency is 
reduced due to losses during transmission and distribution. The energy hub approach is a viable solution to increase 
energy efficiency and minimize system cost at domestic level. The energy hub concept coordinates the utilization of 
multiple energy carriers to optimize the system for mini al energy cost r carbon emissions [3]. Fr m a customer’s 
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perspective, the utilization of co-generation or tri-generation increases system flexibility by means of exploiting every 
available energy carrier, whose monetary or environmental cost may be time-dependent. For example, the utilization 
of different energy carriers could be accordingly adjusted to satisfy the energy demand against time-variant energy 
tariffs. The energy hub approach at residential level has been the focus of much research. In [4] and [5], a single family 
house and a group of three houses are modelled as an energy hub system, and a model predictive control (MPC) 
scheme is applied to optimally determine the system operations. Reference [6] formulates a novel mathematical model 
for appliances, storage, and renewable generators in a residential hub, and mixed integer linear programming (MILP) 
method is applied to optimize the energy hub with the consideration of end-user preferences.  
On the other hand, demand response schemes are widely employed by domestic customers to shift flexible loads in 
response to the variation of electricity tariffs to reduce electricity cost or maximize user comfort levels [7]. The energy 
hub approach provides an enhanced solution for demand response since the electricity demand may be satisfied by 
exploiting other energy carriers with low costs. Therefore, combining energy hub optimisation and demand response 
scheme is likely to yield further energy cost saving. 
The uncertainty of solar radiation is also considered in this paper. The solar PV generation at each time step is 
modelled by a random number to reflect the stochastic nature of solar radiation. Much research has been undertaken 
to model uncertainty elements. Monte Carlo methods have been widely applied to solve the optimal energy 
management problem with uncertainty [8, 9]. However, the utilization of Monte Carlo methods suffers from high 
computational burden. To effectively solve the optimisation problems with uncertainties, other modelling methods are 
proposed. References [10, 11] apply robust optimisation to model the uncertainty, where forecasting techniques are 
used to build confidence intervals of uncertainty data based on historical data. Additionally, the stochastic data can be 
modelled by various scenarios to an acceptable level (e.g. 10 scenarios), and each scenario corresponds with a specific 
probability. Two-stage stochastic programming may be applied to solve the optimisation problem under each scenario 
[12, 13]. The 2 point estimated method (2PEM) [14] is applied in this paper to simulate the uncertainty of solar 
radiation into scenarios, and deterministic optimisation can be implemented for each scenario.  
This paper is organized in six sections. Following the introduction, the modelling of the domestic energy hub and 
the solar radiation uncertainty is introduced in section 2. Section 3 describes the demand response scheme. The 
optimisation problem is formulated in section 4, and the related results are discussed in section 5. Section 6 concludes 
the paper and suggests future work. 
2. Energy hub modelling 
A typical residential house is modelled as an energy hub system as shown in Fig. 1. Heating converters including a 
gas boiler and a micro-CHP are equipped within the hub. Solar photovoltaics (solar PV) are also installed in the energy 
hub system, and the modelling of solar generation uncertainty is discussed in this section. 
 
 
 
 
 
 
 
 
 
 
 
As indicated in Fig. 1, the energy hub consumes solar energy, electricity, and gas through solar PV, micro-CHP, 
and a gas boiler to satisfy the electricity load Lele and heat load Lth. The relation between hub output and input is 
formulated with a coupling matrix as indicated in equation (1). 
The first matrix on the right hand side is the coupling matrix, each element in the matrix represents the relation 
between hub output and related energy carrier input. The parameter t within the brackets indicates the variables are 
time dependent. Lele and Lth represent the electricity demand and heat demand of the residential hub, Pso, Pele, and Pgas  
Psolar
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Pgas
Gas boiler
CHP
Solar PV
Lele
Lth
 
Fig. 1.  Single energy hub system 
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(1) 
 
denote the solar energy, electricity, and gas input. ηso and ηbo indicate the efficiency of solar PV and gas boiler. ηe and 
ηth are the electric efficiency and thermal efficiency of the micro-CHP. The variable ν is the dispatch factor, which 
determines the ratio of energy injected to a certain converter. In this case, ν represents the ratio of gas injected to 
micro-CHP over total gas injection Pgas. The power and gas injection to the hub at each time step are limited within 
the safety boundaries and indicated in (2) and (3). The restriction for dispatch factor is shown in (4). 
(2)  (3)  (4)  
2.1. Micro-CHP 
The micro-combined heat and power system (micro-CHP) simultaneously generates heat and power, which is 
capable of reducing electricity consumption and increasing energy efficiency [15]. The micro-CHP electric capacity 
is generally below 15 kW, and thus suitable for a residential scale hub, providing an alternative source for the hub’s 
electrical demand. The output of the micro-CHP modelled in this paper is assumed to be steady state with constant 
electric efficiency and thermal efficiency. The ramp rate of micro-CHP is considered as a constraint to restrict the 
power output, and it is shown in (5). The electric output is limited within the maximum and minimum value as shown 
in (6), where ep denotes the micro-CHP electric output, and eramp represents the micro-CHP maximum ramp rate. 
(5)                           (6) 
 
2.2. Uncertainty of solar PV generation 
The uncertainty of solar radiation is represented by different scenarios generated by the 2PEM algorithm based on 
historical data. The random value of solar radiation at each time step can be replaced by two concentration points, and 
the two concentration points are located on the two sides of the mean value point. The mean value point is derived by 
averaging all historical data at this specific time step. The historical data adopted in this paper is on an hourly 
granularity. Therefore, there are 48 concentration points generated for a 24-hour simulation, with 2 points for each 
time step. Each concentration point 𝐸𝐸𝑡𝑡𝑘𝑘 at time step t is included in each individual scenario, the other elements in the 
scenario are the mean value 𝐸𝐸𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡  at other time steps. Hence there are 48 scenarios in total. The scenario X is denoted 
in (7). k=1, 2 represents the concentration number. 
         (7) 
 
3. Demand response 
There are three types of appliances modelled to participate in the demand response scheme. The definition of these 
appliances and related mathematical formulation can be found in [16] and are illustrated in this section. 
3.1. Nonflexible deferrable appliances 
The expression nonflexible deferrable appliances indicate that the appliances are able to begin at any time based 
on customer’s preference. However, once initiated, the appliances’ operation at each time step will follow its 
predetermined consumption profile and must not be interrupted. Therefore, the objective of demand response is to find 
the best starting time for this type of appliance to maximally reduce the energy cost. The preferred starting time is 
determined by the customers and represented by a time period 𝜆𝜆𝑑𝑑 . The best starting time is characterized by a binary 
variable and denoted as 𝑥𝑥𝑡𝑡𝑑𝑑. 𝑡𝑡 ∈ 𝑇𝑇 represents the time steps, 𝑑𝑑 ∈ 𝐷𝐷 indicates the nonflexible deferrable appliances. 𝑥𝑥𝑡𝑡𝑑𝑑 
is restricted by (8). 
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          (8) 
 
The optimized power profile of nonflexible deferrable appliances is expressed by shifting the original power profile 
to the best start time within the scheduling horizon. The appliance power consumption at each time step 𝑃𝑃𝑡𝑡𝑑𝑑  is 
expressed in (9) in terms of the original power profile 𝑃𝑃𝑙𝑙𝑑𝑑 and the binary variable 𝑥𝑥𝑡𝑡𝑑𝑑. 
 
          (9) 
 
𝑙𝑙 ∈ 𝐿𝐿 also represents the time step, and it is an alias of time step 𝑡𝑡 ∈ 𝑇𝑇. N is the number of total time steps. 
3.2. Curtailable appliances 
Curtailable appliances may be switched on or off, and it is not necessary to switch them on later. The customers 
can assign different level of priorities to operate curtailable appliances. The appliance power consumption at each time 
step 𝑃𝑃𝑡𝑡𝑖𝑖 is expressed in (10) where 𝑖𝑖 ∈ 𝐼𝐼 indicates the curtailable appliances. 
                (10) 
 
𝑠𝑠𝑡𝑡
𝑖𝑖  represents whether the status of appliance is on or off at each time step,  𝑂𝑂𝑂𝑂𝑂𝑂𝑡𝑡𝑖𝑖  denotes the preferred starting time 
decided by customers, and 𝑃𝑃𝑖𝑖,𝑟𝑟𝑟𝑟𝑡𝑡𝑟𝑟𝑑𝑑 indicates the rated power of appliance i. 
3.3. Critical appliances 
Critical appliances mean that the appliances are uncontrollable and without restrictions. The power consumed for 
critical appliances at each time step is denoted by 𝑃𝑃𝑡𝑡𝑐𝑐 , where 𝑂𝑂 ∈ 𝐶𝐶 represent the critical appliances. 
Therefore, the total consumptions of all appliances at each time step is denoted as 𝑃𝑃𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 and illustrated in (11). 
               (11) 
4. Optimisation problem formulation 
The optimisation is implemented for a single residential energy hub system over 24 hours’ scheduling horizon with 
a 15-miniute time step. The demand response scheme is applied to coordinate the energy hub optimisation to optimally 
determine the working status of the three types of appliances illustrated in section 3. The objective is to minimize the 
total system cost over the whole time horizon with the knowledge of energy carrier tariff, electricity and heat load, 
efficiency of converters, and the appliances preferred starting time determined by customers. The control variables 
µ(t) to be optimized at each time step t are indicated in (12). 
        (12) 
 
The optimisation problem is formulated in (13). 
 
                       
(13) 
 
 
Note the electricity demand 𝐿𝐿𝑟𝑟𝑙𝑙𝑟𝑟(𝑡𝑡) in (1) is replaced by appliances’ total consumptions 𝑃𝑃𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡, to reflect that demand 
response is now part of the energy hub optimisation. The solar PV generation is modelled to 48 scenarios and each 
scenario corresponds with a specific probability. The optimisation for solving problem (13) is implemented for each 
scenario m, and the final optimisation results, f, considering the solar radiation uncertainties are derived by adding up 
the value of the optimisation results fm for each scenario multiplied by the corresponding probability pm (14). The final 
optimized operations µ(t) considering every scenario are derived in a similar way. 
Ddx
dk
d
t 

1

DdTtxPP
N
l
d
lt
d
l
d
t 


 ,
1
0
1
IiTtOccPsP it
ratedii
t
i
t  ,
,
],,),(),(),([)( dt
c
t
i
tgasele PPPttPtPt  
DdCcIiTtPPPP dt
c
t
i
t
tot
t  ,,,,
)11()8(,)6()1(
)]()()()([
1



tosubject
ttPttPMinimize
N
t
gasgaseleele
 Da Huo  et al. / Energy Procedia 142 (2017) 1985–1990 1989 Author name / Energy Procedia 00 (2017) 000–000   5 
 
(14) 
 
The scenarios generated for solar radiation is on an hourly basis, but the optimisation is on a 15 minute time step. 
Therefore, the data from solar radiation is divided by 4 and allocated to each time step to fit the overall optimisation. 
5. Case study and results 
5.1. System setup 
The case study implements the optimisation for the energy hub system incorporating the demand response scheme 
for a house with 3 occupants in a typical winter day. The electricity load including the appliance consumptions and 
heat load are simulated based on [17] and [18]. The electricity tariff is obtained from the variant tariff in reference 
[19]. The gas price is assumed to be constant as £0.03 over 24 hours. The 48 scenarios representing the uncertainty of 
solar radiation over 24 hours are generated by 2PEM based on historical data obtained from [20]. The thermal and 
electric efficiency of the micro-CHP are assumed to be 0.57 and 0.33 respectively. The micro-CHP ramp rate is chosen 
as 0.15 kW/min, and the maximum electric output is 3 kW. The boiler efficiency is assumed to be 0.85. 
A washing machine is modelled in the hub as a nonflexible deferrable appliance, and the predetermined profile of 
the washing machine is to operate for 150 minutes from 18:00. For the demand response scheme, the customer prefers 
to operate the washing machine at any time after 18:00. A hob with rated power of 2.65 kW and a microwave with 
rated power of 1.4 kW are simulated as curtailable appliances. The customer prefers to operate these appliances during 
18:30-21:30 and 7:00-8:00 respectively. The optimisation problem (13) is thusly solved by applying mixed integer 
linear programming. 
Three cases are simulated in this paper. In the first case, only the energy hub optimisation is carried out for the 
system. In the second case, the energy hub formulation is not considered, and the heat load is satisfied by the gas 
boiler, only demand response is implemented for the system in response to the electricity price. The demand response 
scheme is incorporated into the energy hub optimisation for the third case. The related results are shown below. 
5.2. Results 
The total energy cost over 24 hours for the three cases are £3.61, £4.39 and £3.48 respectively. To investigate the 
effectiveness of incorporating the demand response to the energy hub optimisation, the appliance consumptions over 
the whole time horizon derived from second case and third case are compared in Fig. 2, the appliance consumptions 
generated with [17] is also drawn for reference. The electricity tariff over 24 hours is shown in Fig. 3. The electric 
output from Micro-CHP derived from case three is presented in Fig. 4. 
As shown in Fig. 2, the green line represents the original generated total appliance consumptions, the red line and 
the blue line indicate the appliance total consumptions obtained from case two and case three. The operations of the 
washing machine are compared for the two cases. The washing machine is predetermined to be operated from time 
step 73 to 82, the working time is shifted to the period 87 to 96 when the demand response is applied. It can be 
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Fig. 2.  Appliances consumptions comparison 
 
 
Fig. 3.  Electricity price over 24 hours 
 
Fig. 4.  Electricity output from Micro-CHP 
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concluded from Fig. 3 that the electricity price continues to drop after time step 74. Thus the demand response chooses 
to operate the washing machine in the final period to save the energy cost.  
On the other hand, the washing machine starts operating from time step 80 in case three. It could be obtained from 
Fig. 4 that the micro-CHP is supporting the electricity demand after the 65th time step, and therefore despite the high 
electricity tariff ,the demand response does not need to time shift the washing machine as it does in case 2. Since the 
micro-CHP is restricted by the ramp rate, the washing machine is able to run time step 80 when the operating status 
of micro-CHP reaches sufficient output to support both washing machine and other appliances. 
6. Conclusion 
This paper incorporates demand response to energy hub optimisation under the solar radiation uncertainty. The 
optimisation is applied to a 3 occupant household in a typical winter day. Three types of appliances are simulated 
within the demand response scheme. The total energy cost can be further saved for 4% when the demand response is 
incorporated to the optimisation. Therefore, more saving is foreseen when the optimisation scheme is applied to a 
higher level such as community level. Future work will be carried out to apply more accurate models to represent all 
types of appliances, and the probabilistic model to simulate uncertainty will be enhanced.  
References 
[1] A. Costa, M. M. Keane, J. I. Torrens, and E. Corry, "Building operation and energy performance: Monitoring, analysis and optimisation 
toolkit," Applied Energy, vol. 101, pp. 310-316, Jan 2013. 
[2] X. H. Guan, Z. B. Xu, and Q. S. Jia, "Energy-Efficient Buildings Facilitated by Microgrid," IEEE Transactions on Smart Grid, vol. 1, 
pp. 243-252, Dec 2010. 
[3] M. Geidl, "Integrated Modeling and Optimization of Multi-Carrier Energy Systems," PhD dissertation, Power Systems Laboratory, 
ETH Zurich, 2007. 
[4] F. Adamek, M. Arnold, and G. Andersson, "On Decisive Storage Parameters for Minimizing Energy Supply Costs in Multicarrier 
Energy Systems," Sustainable Energy, IEEE Transactions on, vol. 5, pp. 102-109, 2014. 
[5] M. Arnold, R. R. Negenborn, G. Andersson, and B. De Schutter, "Model-Based Predictive Control Applied to Multi-Carrier Energy 
Systems," 2009 IEEE Power & Energy Society General Meeting, Vols 1-8, pp. 4592-4599, 2009. 
[6] M. C. Bozchalui, S. AhsanHashmi, H. Hassen, C. A. Canizares, and K. Bhattacharya, "Optimal Operation of Residential Energy Hubs 
in Smart Grids," IEEE Transactions on Smart Grid, vol. 3, pp. 1755-1766, Dec 2012. 
[7] B. Alimohammadisagvand, J. Jokisalo, S. Kilpelainen, M. Ali, and K. Siren, "Cost-optimal thermal energy storage system for a 
residential building with heat pump heating and demand response control," Applied Energy, vol. 174, pp. 275-287, Jul 15 2016. 
[8] M. C. Bozchalui, C. A. Canizares, and K. Bhattacharya, "Optimal Energy Management of Greenhouses in Smart Grids," IEEE 
Transactions on Smart Grid, vol. 6, pp. 827-835, Mar 2015. 
[9] F. Kienzle, P. Ahcin, and G. Andersson, "Valuing Investments in Multi-Energy Conversion, Storage, and Demand-Side Management 
Systems Under Uncertainty," IEEE Transactions on Sustainable Energy, vol. 2, pp. 194-202, Apr 2011. 
[10] M. Rahimiyan, L. Baringo, and A. J. Conejo, "Energy Management of a Cluster of Interconnected Price-Responsive Demands," IEEE 
Transactions on Power Systems, vol. 29, pp. 645-655, Mar 2014. 
[11] M. A. Ortega-Vazquez, "Optimal scheduling of electric vehicle charging and vehicle-to-grid services at household level including 
battery degradation and price uncertainty," IET Generation Transmission & Distribution, vol. 8, pp. 1007-1016, Jun 2014. 
[12] H. T. Nguyen, D. T. Nguyen, and L. B. Le, "Energy Management for Households With Solar Assisted Thermal Load Considering 
Renewable Energy and Price Uncertainty," IEEE Transactions on Smart Grid, vol. 6, pp. 301-314, Jan 2015. 
[13] N. Good, E. Karangelos, A. Navarro-Espinosa, and P. Mancarella, "Optimization Under Uncertainty of Thermal Storage-Based Flexible 
Demand Response With Quantification of Residential Users' Discomfort," IEEE Transactions on Smart Grid, vol. 6, pp. 2333-2342, 
Sep 2015. 
[14] M. Rastegar, M. Fotuhi-Firuzabad, H. Zareipour, and M. Moeini-Aghtaie, "A Probabilistic Energy Management Scheme for Renewable-
Based Residential Energy Hubs," IEEE Transactions on Smart Grid, vol. PP, pp. 1-11, 2016. 
[15] M. Houwing, R. R. Negenborn, and B. De Schutter, "Demand Response With Micro-CHP Systems," Proceedings of the IEEE, vol. 99, 
pp. 200-213, Jan 2011. 
[16] S. Althaher, P. Mancarella, and J. Mutale, "Automated Demand Response From Home Energy Management System Under Dynamic 
Pricing and Power and Comfort Constraints," IEEE Transactions on Smart Grid, vol. 6, pp. 1874-1883, Jul 2015. 
[17] I. Richardson, M. Thomson, D. Infield, and C. Clifford, "Domestic electricity use: A high-resolution energy demand model," Energy 
and Buildings, vol. 42, pp. 1878-1887, Oct 2010. 
[18] R. M. Yao and K. Steemers, "A method of formulating energy load profile for domestic buildings in the UK," Energy and Buildings, 
vol. 37, pp. 663-671, Jun 2005. 
[19] R. Li, Z. M. Wang, S. Le Blond, and F. R. Li, "Development of Time-of-Use Price by Clustering Techniques," 2014 IEEE PES General 
Meeting - Conference & Exposition, 2014. 
[20] "National Solar Radiation Data Base [Online], Available: http://rredc.nrel.gov/solar/old_data/nsrdb/." 
 
